The DNA photoaffinity ligands, 7-azldoactinomycin D and 8-azidoethidium, form DNA adducts that cause chain cleavage upon treatment with piperldlne. Chemical DNA sequencing techniques were used to detect covalent binding. The relative preferences for modifications of all possible sites defined by a base pair step (e.g. GC) were determined within all quartet contexts such as (IGCJ). These preferences are described In terms of 'effective site occupations', which express the ability of a llgand to covalently modify some base in the binding site. Ideally, the effective site occupations measured for photoaffinity agents can also be related to site-specific, non-covalent association constants of the ligand. The sites most reactive with 7-azidoactlnomycin D were those preferred for non-covalent binding of unsubstituted actinomycin D. GC sites were most reactive, but next-nearest neighbors exerted significant Influences on reactivity. GC sites in 5-(pyrimidine)GC(purine)-3' contexts, particularly TGCA, were most reactive, while reactivity was strongly suppressed for GC sites with a 5'-flanking G, or a 3-flanking C. High reactivities were also observed for bases in the first (50 GG steps in TGGT, TGGG and TGGGT sequences recently shown to bind actinomycin D with high affinity. Pyrimidine-3',5'-purine steps and GG steps flanked by a T were most preferred by 8-azidoethidium, in agreement with the behavior of unsubstftuted ethidium. The good correspondence between expected and observed covalent binding preferences of these two azlde analogs demonstrates that photoaffinity labeling can identify highly preferred sites of non-covalent DNA binding by small molecules.
INTRODUCTION
Understanding of the actions of DNA-directed drugs and carcinogens requires identification of their preferred DNA sequences. Preferred non-covalent binding sites are commonly determined by indirect 'footprinting' methods based on the ability of the ligand to protect interacting sequences from a DNA cleaving reagent (1) (2) (3) (4) (5) . This technique is effective for DNA binding proteins, but can provide a biased view when applied to small drugs. Most footprinting reagents are themselves sequence selective, preventing probing of certain sequences. Conformational changes caused by reagent binding may bias the distribution of the ligand (5) (6) (7) . Since protection by a ligand reflects the mechanism and steric requirements of DNA cleavage, footprints commonly vary with probe reagent (8) .
A direct approach to determining sequence preferences of ligands that bind DNA non-covalently may be provided by analyzing covalent DNA modifications by photoaffinity analogs. Positions of modifications can be determined if the adducts promote DNA cleavage hydrolytically (9, 10) or photochemically (11, 12) . The selectivities of non-covalent binding of a ligand prior to covalent addition can be determined if (i) the photoactivated species reacts with all bases, and (ii) the yields of final products-DNA fragments of specific lengths-reflect the relative site occupations of the non-covalently bound ligand.
Photoaffinity analogs of actinomycin D and ethidium were chosen to test this approach. The azide derivatives of both compounds non-covalently bind DNA in similar fashion to the parent drugs (13-16). Extensive information exists on the DNA sequence selectivities and binding modes of the parent drugs (6, 7, . Both are classic intercalators which bind from the minor groove side. Actinomycin D (ActD) prefers to bind with the aromatic chromophore intercalated into GC steps, placing the two pentapeptide rings snugly in the minor groove (17) (18) (19) (20) .
Methods are described for analyzing base reactivities in terms of preferred nearest and next-nearest neighbors. Preferences of covalent binding of 7-azidoactinomycin D and 8-azidoethidium agreed well with established non-covalent binding preferences of the parent compounds. This agreement indicates that photoaffinity labeling is appropriate for identifying preferred sites of non-covalent binding provided certain conditions are met as described below.
MATERIALS AND METHODS

DNA preparation and labeling
Plasmid pUC9 containing the S.purpuratus early histone H2a and H3 genes (41) were cloned in E.coli strain JM83. Plasmid DNA and restriction fragments were isolated and labeled on a unique 3'-end with 32 P as described previously (10, 42) . Mapping experiments were performed on several fragments from the histone genes and the vector. DNA oligomers were synthesized by the phosphotriester method on an Applied Biosystems 381A synthesizer, deblocked with fresh, concentrated ammonium hydroxide, and purified on a Pharmacia MonoQ column. Oligonucleotide concentrations were determined spectroscopically by the nearest neighbor method (43) . End-labeling (50 was performed using [y-3 %)ATP and T4 polynucleotide kinase. Labeled oligomers were purified by gel electrophoresis. Duplexes were formed by heating (with the complementary, unlabeled strand in slight excess) to 80 °C and slowly cooling under ambient conditions.
Photoaffinity labeling and sequence analysis
7-azidoactinomycin D (azidoActD) and 8-azidoethidium were synthesized as described previously (16, 44) . Photocoupling reactions with DNA were performed in 25 mM MOPS buffer (pH 7.5) containing 50 mM NaCl and 1.0 mM Na 2 EDTA. Oligonucleotide duplexes were dissolved at concentrations of 1-10 fiM in the same buffer supplemented to a total NaCl concentration of 200 mM. Under the conditions used typically -30% of the reagents form photoadducts (13, 14, 16) .
Modified restriction fragments were cleaved at adduct sites by piperidine, electrophoresed on 8% DNA sequencing gels, and autoradiographed (10, 45) . Modified oligonucleotides were treated similarly and electrophoresed on 20% polyacrylamide gels. Autoradiograms were scanned with a Bio-Rad 620 videodensitometer. Band intensities were quantitated by integration of densitometer tracings in regions where peaks were sufficiently resolved to permit integration with an accuracy estimated to be at least ±20% and usually better than ±10%. Data were quantitated only under conditions that closely approximated 'single-hit' kinetics, when <10% of the total molecules were cleaved Under these conditions the intensities of bands measure reactivities at specific sites.
Programs written in Turbo Pascal (Borland) (10) were used to subtract background and merge data from different lanes and different sequences. The average intensities of bands corresponding to cleavages at the four base types in different sequence contexts are then computed. Data from different sequences were merged after normalizing the intensities of all bands for a given sequence relative to the average band intensity for that sequence. This procedure reduces the distinction between average reactivities of bases in particular sequence contexts. It is not expected to alter the qualitative ordering of sequence preferences when each sequence is represented several times in the data set
Interpretation of band intensities
The intensity of a band measures the modification of a base in a specific sequence context at given DNA and ligand concentrations. This intensity will also measure the fractional occupation of non-covalently bound ligand at a specific site if certain conditions are met These conditions are considered later. Rigorous determination of site-specific association constants from band intensities requires definition of binding isotherms for each site. These can be obtained from data taken over a range of concentrations by extension of methods described by Dabrowiak and Gcodisman for analysis of footprinting data (3, 7) . Data sufficient to define binding isotherms were not collected in the present study because comprehensive examination of base quartets was desired, which required many sequences. This omission will reduce distinction between high and low affinity sites as high affinity sites approach saturation, but relative site preferences will be preserved unless site saturation is excessive. Gross saturation is excluded when conditions of high photocoupling efficiency and infrequent strand scission are both met as described here.
In the present study the intensities of individual bands were quantified and placed in quartet contexts, HIBJ and EBJK, where B is the target base in question. The sequence-specific band intensities, Iygk and IjBjk. were then averaged over all occurrences of these quartets in the data set 
RESULTS
Chain cleavage of photoaffinity labeled DNA by piperidine
Previously we showed that DNA modified by photoactivated azidoActD is cleaved at adducts of all base types by piperidine (45) , and described the apparent sequence preferences for cleavages at guanines. The data set has now been expanded to include -1200 nucleotides, and the preferences of cleavage at all base types are described. A similar data set was obtained for 8-azidoethidium.
The average reactivities of DNA bases with both reagents decreased in the order G > C > T > A ( Table 1) . Guanines most and least reactive with azidoActD (referring to the upper and lower 10 percentiles) differed by a factor of 33 in reactivity. By contrast, guanines most and least reactive with azidoethidium differed by only a factor of 5. Similar behavior was observed for reactions at other bases (Table 1) . This difference between reagents is consistent with the well known fact that DNA binding by ActD is more sequence selective man binding of etiiidium.
Products of reactions of oligonucleotide duplexes with photoactivated azidoActD and ethidium were examined to determine whether a high percentage of covalent adducts caused chain cleavage upon piperidine treatment Strand cleavages were examined on the decamer duplex (dfAATCCGGATTk), an
, and the (dfCTATTGCATAC]) strand of a second undecamer duplex with a preferred TGCA site for ActD (32) .
The electrophoretic mobility of an oligonucleotide should be reduced by addition of a large actinomycin or positively charged ethidium moiety. Bands migrating more slowly than die parent were noted when oligonucleotides were photoreacted with high doses of both reagents. These bands were strongly diminished after piperidine treatment of azidoethidium samples and virtually disappeared from azidoActD samples (not shown). Piperidine treatment caused cleavage of adducts of all base types. No small fragments were observed in the absence of piperidine treatment, demonstrating that photolyzed azidoActD alone did not cause significant DNA cleavage. The fractions of adducts yielding piperidine sensitive sites, averaged over the four oligonucleotides, were estimated at >90% for azidoActD and -60% for azidoethidium based on die intensities of slowly migrating bands before and after piperidine treatment Thus piperidine cleaves at most sites of azidoethidium and azidoActD photoaddition.
Limitations on determinations of sequence preferences
Although the smallest DNA intercalators interact directly with only two base pairs, the preferences of intercalators are unlikely to be determined solely by two base pairs. Crystallographic studies of oligonucleotide duplexes indicate that a minimum of a quartet sequence is required to specify die configuration of the central base pair step (46) . Intercalating ligands can affect die winding angles of both nearest and next-nearest neighboring base pairs (20, (47) (48) (49) . A quartet is probably the smallest sequence unit required to specify die preferences of even the simplest intercalators.
In principal all quartets can be represented in a DNA sequence only slighdy longer man 136 bp, but a much longer sequence is required to find all quartets in natural DNA. Since each quartet should be represented more than once to average errors, it is not generally practical to comprehensively examine preferences for sequences longer than quartets. The following discussions presume that reactivity of a ligand is determined by nearest and next-nearest neighboring bases. This assumption should be good for ligands mat do not contact more dian four base pairs. The term 'site' is used in a restricted sense, appropriate for intercalators, to refer to the two nearest neighbor base pairs.
Sequences highly reactive with azidoActD
Simple inspection of the average reactivities of bases in quartet contexts was sufficient to identify many sites preferred by azidoActD ( Table 2 ). As expected, the most consistent trends were the high reactivities of both Gs and Cs in GC sites. Cs in these contexts were usually more reactive than the average G, and much more reactive than other Cs. Some Gs and Cs in GG/CC sites were also exceptionally reactive, but only in a few contexts: TGG. GGT. and CC_£ and to lesser extents (A/C)QG_ and GGG. These results are consistent with our previous observations of enhanced reactivities of the second G in TGGT, TGGGG and three of uiree TGGGT sequences (45) . The strong preferential labeling of TGXL G_GJ and CC_£ bases indicates that 7-azidoactinomycin D binds to the first (50 GG:CC step of TGGGT: ACCCA in an orientation diat largely restricts reaction to a single G or C on opposing strands.
Analysis by inspection sufficed to identify many sites highly preferred (or avoided) by azidoAcuO, but was not satisfactory for distinguishing between die less preferred sites. It was also not satisfactory for describing die more subde sequence preferences of azidoethidium. A method was developed to correlate and average the reactivities of all bases in a specific site.
She-specific base reactivities
Uncertainty in defining a binding site arises because the average intensity of a band corresponding to reaction of a base B in a specific quartet context, e.g. <IiBjk>, reflects die occupancies of two sites, IB and BJ. Further, the occupancies of sites IB and BJ are influenced by tiieir next-nearest bases. The influences of next-nearest neighbors on ligand reactivity are evident from die dependencies of <IiBjk> on base K. For example, die average intensity of a G band from reaction with azidoActD in the context TGCK varied ~5-fold It is tempting to assume mat the variation in <lTGCk These averages are referred to as the doublet reactivities for a specific base, B. The standard deviations of doublet reactivities reflect neighbor effects, as well as experimental precision. The lowest standard deviations provided an independent estimate of the precision of the intensity measurements of-10-15%.
The base reactivities defined in doublet or triplet contexts do not reflect solely the occupation of a specific site. For example, RGC measures the reactivity of a G with a ligand in a GC site plus the reactivity of a G with a ligand in an IG site averaged over all four possible bases I. That is, and 2R BJ = PBJ -4 P,B and PBJ define the reactivity of a base B with a ligand bound in site IB or BJ, respectively, and are termed the site-specific base reactivities. Equations 3a and b for a given base and all possible neighbors define eight equations in eight unknowns. These equations are not linearly independent since <PJB> + <PBJ> = constant -RB, the average reactivity of the base regardless of neighbors. In the general case some assumption is required to approximate a solution. A conservative assumption is that <PIB> = <PBJ> = ('/Z)RB-This assumption yields a desirable increase in distinction between preferred and avoided sites as expressed in P;B and PBJ, but must underestimate the distinction if <PJB> * <PBJ>-Site reactivities conditional on the 3'-or 5'-neighboring bases can be defined by analogy to the above, i.e., PUB -2R hiBand (4a) (4b)
Conditional site-specific reactivities of all bases calculated in this manner are given in Table 2 for azidoActD reactions. 
Effective site occupations
The occupation of an intercalation site is related to the average reactivity of the four bases defining the site, since the reactivity of any single base in an occupied site depends on the orientation of ligand within the site. These averages, termed effective site occupations, are approximated by:
where the target bases are emphasized and the primes indicate the base complements. These averages are unconditional, i.e., do not depend on neighboring bases. Effective site occupations conditional on the next-nearest neighbors are calculated similarly from the conditional site-specific base reactivities:
The average and range of unconditional effective site occupations calculated for azidoActD and azidoethidium are given in Table 3 , and are compared to the corresponding averages of the doublet reactivities calculated from:
(R u ) = T(RJ R rj .)
As expected, the range of effective site occupations is significantly larger than the range of simple averages of the doublet reactivities. The same sites are indicated as most preferred by both parameters, but the ordering of the lower reactivity sites (steps) is different Simple considerations show that the rank ordering of effective occupations will be more accurate than the rank ordering of the average doublet reactivities. Effective site occupations conditional on neighbors are summarized in Tables 4 and 5 for azidoActD and azidoethidium, respectively. 
DISCUSSION
The relationship between effective site occupations and site affinities
The effective site occupations approximate the relative efficiencies of covalent DNA adduct formation at specific binding sites alone (eq. 5) or in quartet contexts (eq. 6). There remains the question of how well effective site occupations reflect the actual occupations of sites by ligand non-covalently bound prior to covalent reaction. Consider the sequence of events leading to covalent addition of a photoactivated ligand. Non-covalent binding is followed by photoactivation, then base addition, hydrolysis (or other inactivation) or dissociation (with subsequent solvent-mediated inactivation). The rate constant for each process may be site specific excepting the rate of ligand inactivation in the unbound state. The equilibrium non-covalent complex is pre-formed in the dark prior to activation, hence the concentration of active ligand bound at a specific site must initially reflect the equilibrium occupation of the site. The effective site occupations will measure the actual occupations (hence the relative association constants) if the rate of ligand addition is significantly greater than the competing processes of inactivation and dissociation.
Aryl azides have been popular probes of protein binding sites because of their stability, high quantum yields, and activation at wavelengths that avoid damage of biomolecules (50) (51) (52) (53) . Photodissociation to nitrenes is rapidly followed by rearrangement to highly reactive electrophilic dehydroazepines (53) (54) (55) . The high DNA photocoupling efficiencies of azidoActD and azidoethidium indicate that addition of the presumptive electrophilic dehydroaze-pine intermediates is facile at most binding sites. Lifetimes of dehydroazepine intermediates of simpler reagents are typically a few milliseconds, however, so side reactions of dissociated active species might contribute to the observed DNA base reactivities.
Addition should be most favored at sites with the highest affinities if the intrinsic reactivities of the four base types are similar and high. These criteria are met reasonably well for azidoActD and azidoethidium. The yields of covalent adducts are typically -30% (38) , and there is only a 2-5-fold difference in adduct yields of the most reactive (G) and least reactive (A) bases. The effective occupations determined for sites that readily dissociate ligand may be lower than the actual occupations. This is not expected to affect identification of the most preferred sites because short-lived complexes usually have the lowest binding constants. A more serious concern is dissociation followed by reassociation and covalent addition of reactive species. Reassociation might follow a pathway allowing reactions with different sequence specifities from intercalation. Such ligand reshuffling would reduce the distinction between effective occupations of high and low affinity sites, but is not likely to obscure the strongest sequence preferences. Results obtained for azidoactD and ethidium support this contention.
A comparison of actinomycin D and 7-azidoactinomycin D sequence preferences
The preference of ActD for intercalation in GC steps was clearly paralleled by the azide analog. The influences of next-nearest neighbors on ActD binding at these steps were also reproduced semi-quantitatively. Chen (29) (34) . Photoaffinity labeling generally indicated that binding is most preferred in GC sites within YGCR contexts, and is inhibited by a 3'-flanking C or a 5'-flanking G. This prediction is consistent with DNase I and transcription footprinting data (5, (21) (22) (23) (24) .
Effective occupations were also high for GG sites in TGGT and TGGG contexts. We have confirmed that TGGT and TGGGT sequences contain strong binding sites for ActD (32, 56, 57) . The association constant for an undecamer containing a central TGGGT site was one-third to one-half those of related undecamers containing central TGCA or CGCA sites, respectively. Replacing the TGGGT sequence with TTGGT or TGGGG reduced the ActD binding affinity by -50% (32, 56, 57) , also in good agreement with the effective occupations.
Wells and Larson determined the ActD affinities of several simple repeat sequence DNA duplexes (25) 
Azidoethidium versus ethidium sequence preferences
As expected, azidoethidium was much less sequence selective than 7-azidoActD. The effective occupations of 8-azidoethidium are consistent with the known preferences of ethidium if comparisons are limited to steps with the same base composition. The trend most evident from effective site occupations is a preference for 5'-pyrimidine-purine-3' steps. The preference of ethidium for pyrimidine-purine steps is well established from NMR studies with di-and tetranucleotide duplexes (33) (34) (35) (36) (37) , and comparisons of the affinities of simple sequence polynucleotides (38) .
The major exception to this trend was the photoaffinity labeling of certain GG sites, which reacted as readily as CG sites. This result is also consistent with the behaviour of ethidium. It is not commonly appreciated that NMR studies of Reinhardt and Krugh (35) (38) .
Differences in intrinsic reactivities of the four bases must bias the effective site occupations to a preference of CG sites over TG and TA sites, since ethidium has similar affinities for d(GC) n :d(GC) n and d(AT) n :d(AT) n (38) . The bias towards covalent modifications of G:C pairs is consistent with studies indicating that the intrinsic efficiency of 8-azidoethidium photocoupling to G:C pairs is -1.8-1.9 times that of A:T pairs (58).
The effectiveness of azidoActD and azidoethidium as photoaffinity probes
The preferred sites of covalent modification by azidoActD and azidoethidium clearly paralleled the non-covalent binding preferences of the parent compounds. Strong influences of next-nearest bases on the affinity of a site were also well discerned. In these respects the photoaffinity approach was highly successful.
The relationships of photoreactivities to non-covalent binding affinities of weakly reactive sites is more questionable. Comparisons between sites with the same base compositions appear meaningful. Otherwise the effective occupations of weakly reactive sites can be misleading, as was noted above for azidoethidium. A concern is the reaction of azidoActD at sites containing only A:T pairs, since ActD does not have significant affinity for poly d(AT):poly d(AT) or poly (dA):poly (dT) duplexes. Reactions at such sites are consistent with reshuffling of photoactivated species between sites, but experimental uncertainties are probably larger factors in exaggerating the apparent binding. The main uncertainties arise in corrections for background and in normalizing data from different fragments. Background corrections were made conservatively so that few corrected intensities were set equal to zero. Normalization to the mean is also conservative, tending to overemphasize data from sequences with low overall reactivity. Photoaffinity analogs offer advantages over protection footprinting in precisely locating highly preferred ligand binding sites. The predicted effective site occupations for azidoActD are superimposed on a reported DNase I footprint in Figure 1 . There is general agreement between regions of high reactivity and strong protection, but closer inspection shows that the DNase I footprint provides less detail than the predicted photoaffinity labeling. Peaks in the DNase I footprint tend to be broad, and regions of rapid oscillation of the photolabeling pattern tend to be averaged to near zero in the footprint An analogous comparison for azidoethidium revealed the same trends (not shown). The photoaffinity labeling maxima consistently occur at virtually all pyrimidine-purine steps for azidoethidium, and GC steps for azidoActD. [While predictions of photolabeling of this DNA fragment are presented, and not actual observations, preferred labeling of GC and TGGGT sites is evident in published autoradiograms (45) and in tabulated data.] By contrast, footprinting maxima occur near, but often not precisely at, preferred sites. Further, several sites expected to be preferred were not strongly protected from DNase. Usually these sites correspond to positions of isolated maxima or strong oscillations in the photolabeling profile.
Greater accuracy is expected from photolabeling because the 'signal' for ligand binding is localized to the two nearest base pairs. In a protection experiment the signal may be spread over several base pairs. The photoaffinity method might be biased by subtle, local conformational effects, but the same is true in protection experiments. The large variations in protection of the opposing DNA strands clearly demonstrate these effects on DNase I footprinting (Fig. 1) .
Requirements for accurate photolabeling
We conclude that the photoaffinity analog approach is useful for identifying preferred sequences for non-covalent binding of DNA intercalators provided certain conditions are met. The most obvious are that the analog must retain the DNA binding mechanism and overall base composition preference of the parent compound, the dissociation rate of activated ligand must be significantly slower than the covalent addition rate at most sites, and the intrinsic reactivities of the four bases must not be greatly different Direct comparisons of effective site occupations are not possible if the sites have different base compositions, because the intrinsic reactivities vary with base type. Both intercalators examined here have relatively high affinities. The lifetimes of high affinity ActD complexes are very long, in the order of several minutes (29, 40) . Lifetimes of ethidium complexes are much shorter [-20-100 ms (59, 60) ], but are still likely to exceed the lifetimes of photoactivated azidoethidium.
The protocols adopted here are a compromise between comprehensive examination of binding to quartets and high precision in assigning site specific binding constants. It should be possible to determine site specific association constants independent of intrinsic reactivities by measuring band intensities as functions of the DNA and ligand concentrations (3, 7) . A reviewer correctly pointed out that the statistical mechanics approach to defining the energetics of sequence selection by transcription factors developed by Berg and Von Hippel (61) could be applied to interpret photoaffinity labeling data (and, by inference, footprinting data). To our knowledge this approach has not been exploited to analyze footprinting or related data. We have not explored such possibilities in detail, but this formalism appears to have merit if highly quantitative measures of binding affinity are available.
Additional insights from photoaffinity labeling
Next-nearest neighbors to ethidium and ActD are clearly important and often influenced reactivities almost as much as nearest neighbors (Tables 3-5 ). For example, the (unconditional) effective occupations of azidoActD at GC and GA sites differed by a factor of 10, while the most and least preferred GC sites differed by a factor of 9. Likewise the occupations of GG sites by both reagents were strongly influenced by next-nearest neighbors. As anticipated, the influences of next-nearest neighbors on the reactivities of 8-azidoethidium are much less than observed for azidoActD, but they are comparable to the effects of varying nearest neighbors. Photoaffinity labeling should be particularly effective for identifying preferred next-nearest neighbors since the intrinsic base reactivities are not an issue.
The value of the photoaffinity approach is also illustrated by the discovery of strong ActD binding at TGGGT sequences, which was not expected from any prior studies of ActD. The data presented here indicates that binding is preferred in the first GG step of the TGGGT pentamer. The strong preference of ActD for TGGGT and related sequences may have unexpected functional significance because of the putative special role of these sequences in chromosome telomeres (62) . A preference for TGG and GGT sites was also noted for azidoethidium, and in separate studies for anr/'-isomers of benzo[a]pyrene-7,8-diol-9,10-epoxide (10) . Preferred intercalation it GG steps is not widely recognized. The enhanced reactivities at TGG sequences may be related to the unusual conformational variability of this sequence. Poor stacking and a large twist angle occur in TG steps in TGG triplets when the twist angle of the GG step is reduced to improved G stacking (63) (64) (65) . The low stability and enhanced
